Porosity and Surface Properites of SBA-15 with Grafted PNIPAAM: A Water Sorption Calorimetry Study by Reichhardt, N. V. et al.
Published: September 19, 2011
r2011 American Chemical Society 13838 dx.doi.org/10.1021/la203093u|Langmuir 2011, 27, 13838–13846
ARTICLE
pubs.acs.org/Langmuir
Porosity and Surface Properites of SBA-15 with Grafted PNIPAAM: A
Water Sorption Calorimetry Study
N. V. Reichhardt,*
,†,‡ T. Nylander,
† B. Kl€ osgen,
‡ V. Alfredsson,
† and V. Kocherbitov
§
†Physical Chemistry, Lund University, P.O. Box 124, SE-221 00 Lund, Sweden
‡DepartmentofPhysicsandChemistryandMEMPHYS-CenterforBiomembranePhysics,UniversityofSouthernDenmark,DK-5230
Odense M, Denmark
§Biomedical Laboratory Science, Faculty of Health and Society, Malm€ o University, SE-205 06 Malm€ o, Sweden
b S Supporting Information
’INTRODUCTION
Ordered mesoporous materials are subject to considerable
research eﬀort aimed at using the materials for various applica-
tions such as catalysis,
1,2 drug delivery,
3 and adsorbents.
4 7 One
course of action is to tailor the materials according to speciﬁc
needs by the functionalization of (primarily) the huge internal
surface area.
8 Mesoporous silica materials, including the well-
known MCM-41
9 and SBA-15
10 silica, have in this respect been
functionalized by several methods including postsynthesis graft-
ing of various molecules on the inner pore surface.
11 16 For
instance, poly-N-isopropylacrylamide (PNIPAAM) was grafted
on the walls of the mesopores in order to have a mean of active
diﬀusion control.
17 19 PNIPAAM exhibits a so-called lower
critical solution temperature, LCST. Below this temperature,
which is usually around 36 C, the polymer is in a good solvent
and is highly water-soluble, whereas above the temperature the
polymer solubility decreases, which leads to the conformational
collapse of the polymer chains.
20,21 In other words, the polymer
chains can at low temperature be regarded as more hydrophilic
and therefore can adopt an elongated state (and can function
thus as a diﬀusion hindrance) whereas the chains above the
LCST appear to be more hydrophobic and collapse into a globular
conformation(allowingfreediﬀusion).
22,23 Uponfunctionalization,
it is required that the silica framework as such is preserved. The
pore size, pore volume, and surface properties will be aﬀected by
the functionalization process, and for proper characterization, it
is necessary to monitor both the porosity of the material and the
dramaticchangesinsurfacepropertiescausedbythegraftedmaterial.
In this work, we demonstrate thatwater sorption calorimetry is a
suitabletechniqueforfulﬁllingthecharacterizationrequirements
regarding porosity as well as surface properties. Using this
technique, valuable information is gained on SBA-15 function-
alizedwithPNIPAAMandthediﬀerentmaterialsobtainedinthe
stepwise functionalization process.
Porous material SBA-15
10 is characterized by a 2D hexagonal
structure(plane group p6m)withorderonthemesoscopicscale.
SBA-15, unlike the structurally similar MCM-41,
9 possesses
distinctive biporous character. The hexagonally ordered primary
mesopores, with a very narrow pore size distribution, are highly
connectedthroughcomplementarypores,referredtoasintrawall
pores.Theseporesexhibitabroadporesizedistributionfromthe
microporesize(<2nm)totheprimarymesoporesize(approximately
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ABSTRACT: Mesoporous silica SBA-15 was modiﬁed in a three-step process
to obtain a material with poly-N-isopropylacrylamide (PNIPAAM) grafted
onto the inner pore surface. Water sorption calorimetry was implemented to
characterize the materials obtained after each step regarding the porosity and
surface properties. The modiﬁcation process was carried out by (i) increasing
the number of surface silanol groups, (ii) grafting 1-(trichlorosilyl)-2-(m-/
p-(chloromethylphenyl) ethane, acting as an anchor for (iii) the polymeriza-
tion of N-isopropylacrylamide. Water sorption isotherms and the enthalpy of
hydration are presented. Pore size distributions were calculated on the basis of
the water sorption isotherms by applying the BJH model. Complementary
measurements with nitrogen sorption and small-angle X-ray diﬀraction are
presented. The increase in the number of surface silanol groups occurs mainly
in the intrawall pores, the anchor is mainly located in the intrawall pores, and
the intrawall pore volume is absent after the surface grafting of PNIPAAM. Hence, PNIPAAM seals oﬀ the intrawall pores. Water
sorption isotherms directly detect the presence of intrawall porosity. Pore size distributions can be calculated from the isotherms.
Furthermore, the technique provides information regarding the hydration capability (i.e., wettability of diﬀerent chemical surfaces)
and thermodynamic information.13839 dx.doi.org/10.1021/la203093u |Langmuir 2011, 27, 13838–13846
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5 nm).
24 27 This generates a highly complex 3D pore system
resulting in complex diﬀusion processes of, for example, mol-
ecules in the pores.
28,29
Nitrogen sorption is a technique that is commonly used to
characterize porous materials, including mesoporous silica.
30 32
Itisalsooneoftheﬁrstchoicesforthecharacterizationofporous
compositessuchasmesoporoussilicafunctionalizedwithorganic
entities, including polymers.
2,33 This method provides informa-
tion mainly on geometrical properties (e.g., surface area, pore
volume,andporesize).However,thesurfacepropertiesaretaken
into account only to a certain extent in the available theoretical
models for the analysis. The BET C value, for instance, provides
some information because it is to a certain extent inﬂuenced by
the adsorbent adsorbate interaction. However, it is not solely
inﬂuenced by the surface properties but also inﬂuenced by the
microporosity,whichispresentinSBA-15.
34Theperformanceof
many applications (e.g., drug delivery
35 37) relies on the avail-
able functional groups present on the surface. The loading
capacity of drug molecules is partially dependent on the pore
size.
35 It is also strongly inﬂuenced by the interaction between
thesurfaceandmolecules(e.g.,drugs)thataretakenup.Itisthus
important to monitor not only the porosity of the materials but
also its surface properties. The particle diﬀusion in porous
material is controlled by a number of mechanisms, with surface
diﬀusionbeinganimportantcontributiontotheoverallprocess.
28,29
Hence, it is important to gain information on the surface
properties of the functionalized mesoporous materials in order
to tailor the drug-loading mechanism according to the needs of
speciﬁc applications.
3 The traditional schematic presentations of
surface-functionalized materials with a rather homogeneous
distribution throughout the whole material has been found to
be too simplistic.
34 It is necessary to consider that even after
functionalization the concentration of surface silanol groups can
be rather high and hence can contribute strongly to the overall
surface properties of the functionalized material.
34,38 Water
sorption calorimetry, a technique sensitive to both surface pro-
perties,suchaswettability,andporosity(seebelow),canprovide
valuable information that has an impact on a number of para-
meters that are critical for potential applications of mesoporous
silica materials.
39,40 This technique has previously been imple-
mented and used for the characterization of mesoporous silica
materialssuchasMCM-41
39andSBA-15
40inordertodetermine
watersorptionisotherms,theenthalpyofhydration,andthepore
size distribution.
40 The method has proven tobe valuable for the
characterization of both the hydration (i.e., the wettability) and
porosity of these materials.
39,40 With water sorption calorimetry,
the presence (or absence) of intrawall pores in a mesoporous
material, such as SBA-15, can be directly identiﬁed from the
sorption isotherms.
40 The intrawall porosity is manifested as an
additional regime in the sorption isotherms. Nitrogen sorption,
however, cannot directly identify the intrawall porosity from the
sorption isotherms, but with advanced analysis methods, such as
non-local-density functional theory (NLDFT),
30 this pore cate-
gory can be identiﬁed.
Inthisstudy,weevaluatethe(pore)surfacepropertiesandthe
porosity of pure SBA-15 and functionalized SBA-15 with water
sorption calorimetry. In addition to the presence of diﬀerent
types of pores, the water wettability of the surface is detectable
from the water sorption isotherms.
39
We have systematically studied the materials obtained in
diﬀerent steps leading to the ﬁnal composite material of SBA-
15 withgraftedPNIPAAM.
18Theproperties oftheﬁnalmaterial
are controlled by the ﬁrst two steps (the location of the anchor
determines where PNIPAAM is located because it functions as
the starting point of polymerization), hence it is important to
characterize them. Scheme 1 shows a representation of the
surface modiﬁcation after each step. First the calcined SBA-15
(Scheme 1a) material, denoted as SBA-15-1, is treated with an
aqueous solution of nitric acid, which is aimed at increasing the
number of surface (primarily at the porous inner surface) silanol
groups (Scheme 1b). This material is denoted as SBA-15-2.
Subsequently, 1-(trichlorosilyl)-2-(m-/p-(chloromethylphenyl)
ethane is grafted to the surface (Scheme 1c), followed by the
surface-initiated polymerization of n-isopropylacrylamide
(Scheme 1d). These materials are denoted as SBA-15-3 and
SBA-15-4, respectively.
The materials from each step in the modiﬁcation process (i.e.,
SBA-15-1 to SBA-15-4) are evaluated by water sorption calo-
rimetry. Complementary characterization is performed with small-
angle X-ray diﬀraction (SAXD) and nitrogen sorption measure-
ments. In a previous study, the corresponding samples were
investigated by TGA, nitrogen sorption, and argon sorption.
41
TGA showed a steep weight loss at around 400 C, which is
characteristic of PNIPAAM.
’EXPERIMENTAL SECTION
Chemicals.Thepoly(ethyleneoxide)-poly(propyleneoxide)-based
triblockcopolymer(P104)wasobtainedasagiftfromBASFandusedas
received. Tetramethylorthosilicate (TMOS) was obtained from Sigma-
Aldrich (>98%), and HCl (12 M) was obtained from Merck. N-Isopropy-
lacrylamide (>99% Sigma-Aldrich) was recrystallized from n-hexane (97%
Sigma-Aldrich). 1-(Trichlorosilyl)-2-(m-/p-(chloromethylphenyl)ethane
(Fluorochem Ltd.), toluene (anhydrous, Sigma-Aldrich), DMF (Sigma-
Aldrich), CuCl (Sigma-Aldrich), 2,2-bipyridine (Sigma-Aldrich), acetone,
and methanol were used without further purification.
Materials. Onthebasis ofthe originalSBA-15protocol,
10 theinitial
SBA-15 silica material was synthesized by applying a modified
procedure as described elsewhere.
42 Triblock copolymer Pluronic
P104 (EO27PO61EO27, 2.4 g) was dissolved in 93.8 g of 1.6 M HCl.
The temperature of the solution was regulated to 60 C (using a water
bath). TMOS (3.57 mL) was added under continuous stirring. The
Scheme 1. (a) SBA-15-1, (b) SBA-15-2 with an Increased Number of OH Groups, (c) SBA-15-3 with a Grafted Anchor, and (d)
SBA15-4 with PNIPAAM
a
aNote that the images are only a schematic representation without absolute quantitative information.13840 dx.doi.org/10.1021/la203093u |Langmuir 2011, 27, 13838–13846
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solution was stirred at 60 C for 24 h. Subsequently, the flask was put in
an oven for hydrothermal treatment at 80 C for another 24 h. After-
wards, the product was filtered, dried, and calcined in air at 500 C for 6
h. This material is denoted as SBA-15-1.
Preparation of SBA-15/PNIPAAM Composites. End-tethered
poly-N-isopropylacrylamide (PNIPAAM) was grafted inside the meso-
poroussilicamatrixbyfirstcovalentlyattachingamonomertoananchor
grafted onto the pore surface and initiating polymerization using atom-
transfer radical polymerization (ATRP).
18 The number of possible
grafting sites (i.e., silanol groups) for the anchor was increased by
dispersing the original calcined SBA-15 (SBA-15-1) in an aqueous
solution of HNO3. The slurry was then filtered, washed with water,
and dried. This material is referred to as SBA-15-2.
Thereafter, the anchor, 1-(trichlorosilyl)-2-(m-/p-(chloromethylphenyl)
ethane, was grafted onto the surface of SBA-15-2. First, SBA-15-2 was
impregnated with anhydrous toluene (1.0 g of silica in 100 mL of
toluene) and ﬂushed with argon for several minutes to obtain a dry,
water-free sample. After the toluene treatment, the anchor was added in
large excess (1 mL of anchor for 1.0 g of silica) at room temperature.
During the48 h ofreaction time,the mixturewas stirredunder anargon
atmosphere. The product was ﬁltered and subsequently washed with
toluene, methanol, and acetone in order to remove excess ungrafted
anchor molecules from the pores. The ﬁltered material was dried for 2 h
at 110 C in an argon stream. This material is referred to as SBA-15-3.
For the surface-initiated polymerization of N-isopropylacryl-amide
(NIPAAM) N,N-dimethylformamide (DMF, 150 mL) was added to
SBA-15-3inaround-bottomedﬂaskthatwasthenﬂushedwithargonfor
severalminutes.Thereafter,2,2-bipyridine(bipy,2.5g) andCuCl(0.535g)
wereadded,followedbyN-isopropylacrylamide(15.0g).After30minof
ﬂushing with an argon ﬂow, the ﬂask was sealed and stirred at 30 C for
another72h.Theproductwascooledtoroomtemperature,ﬁltered,and
washed with DMF, methanol, and water. Following this, it was dried for
2 h at 110 C in an argon stream. This ﬁnal material is denoted as SBA-
15-4. Scheme 1 presents the stepwise modiﬁcation process used to
incorporate (by ATRP) PNIPAAM into SBA-15.
SAXD. The different materials (SBA-15-1 to SBA-15-4) were
characterized by powder diffraction measurements performed with a
Kratky camera equipped with a linear-position-sensitive detector con-
taining 1024 channels of width 53.6 μm. Cu Kα radiation of wavelength
1.542 Å was supplied by a Seifert ID 2200 W X-ray tube operated at 55
kV and 40 mA. The measured raw data were normalized to the first-
order peak (10) in order to compare the relative peak intensities of the
higher-order Bragg peaks (i.e., (11) and (20)) directly.
Calorimetry. The products obtained by the different steps in the
modification procedure (SBA-15-1 to SBA-15-4) were characterized by
water sorption calorimetry performed at 25 C in a two-chamber sorption
calorimetriccellinsertedintoadouble-twinmicrocalorimeter.
43Priorto
the measurements, the samples were dried under high vacuum for two
days and sample preparation (filling of the calorimetric cell) was
performed in aglovebagin adry nitrogenatmosphere. Themesoporous
silicasamplewasinsertedintotheupperchamber,andMilli-Qwaterwas
injected into the lower chamber. During the sorption measurement,
water evaporates from the lower chamber, diffuses through the tube
connecting the two chambers, and is subsequently adsorbed by the
sample in the upper chamber. The thermal power released in the two
chambers is recorded simultaneously. The activity of water, aw (the
partial pressure of water in the sample divided by the partial pressure of
water over pure liquid water), was calculated from the thermal power of
vaporization of water in the lower chamber as described previously.
44
Thepartialmolarenthalpyofthemixingofwaterwascalculatedusing
the following equation
Hmix
w ¼ Hvap
w þ Hvap
w
psorp
pvap ð1Þ
where P
vap and P
sorp are thermal powers registered in the vaporization
and sorption chambers, respectively, and Hw
vap is the molar enthalpy of
evaporation of pure water. The enthalpy of mixing considered here,
corresponds to the following reaction when liquid water is adsorbed by
the silica material: H2O(l) f H2O(ads). To obtain an accurate
calculation of the partial molar enthalpy of mixing of water, the sorption
calorimeter was calibrated by using magnesium nitrate as a standard
substance.
45Thepartialmolarentropyofmixingofwaterwascalculated
from the enthalpy and the water activity data as follows
Sm
w ¼
Hm
w
T
R ln aw ð2Þ
where T is the absolute temperature and R is the gas constant.
Nitrogen Sorption. Nitrogen adsorption desorption isotherms
were measured at 77 K using a Micromeritics ASAP 2400. Prior to the
measurements, the unmodified sample (SBA-15-1) was outgassed at
200 C overnight, whereas the modified samples (SBA-15-2, SBA-15-3,
and SBA-15-4) were outgassed at 80 C overnight. The pore size
distribution was obtained by applying the Barret Joyner Halenda
method. For the determination of micropore volume in the presence
of mesopores, the t-plot method using the de Boer
46,47 equation was
applied.Intheplot,theadsorbedamountofgasnisplottedagainstt,the
statistical thickness of an adsorbed film. The micropore volume is given
by the intercept of the extrapolated t plot. In the case of a nonmicropor-
ous material, the t-plot function crosses the origin of the plot.
’RESULTS AND DISCUSSION
SAXD. For all four materials (SBA-15-1 to SBA-15-4), the
expected and well-defined structure of SBA-15 was observed
(Figure 1). The SAXD patterns show three peaks, which can be
indexedonthe2Dhexagonallattice(planegroupp6m).Theunit
cell parameter (Table 1) is constant, 10.6 nm, for all samples.
Clearly, the structure is maintained during the functionalization
procedure.ThisdemonstratestheadvantageofusingSBA-15asa
mesoporous host as compared to MCM-41 materials, for which
the structure is modified during the grafting process.
18,48 The
treatment with acidic solution, which was done to increase the
number of silanol groups on the surface, did not affect the periodic
structureofthesample,whichisinagreementwithsimilarresults
byRosenholmetal.
34ThebetterstabilityofSBA-15ascompared
Figure 1. SAXD data of calcined SBA-15-1 (red), acid-treated SBA-15-
2 (blue), SBA-15-3 with a grafted anchor (green), and SBA-15-4 with
grafted PNIPAAM (black).13841 dx.doi.org/10.1021/la203093u |Langmuir 2011, 27, 13838–13846
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to that of MCM-41 can be attributed to the thicker pore walls of
SBA-15.
34,49
Water Sorption. The water sorption isotherms and the
corresponding enthalpy curve for SBA-15-1 are shown in Fig-
ure2,andthederivedparametersaresummarizedinTable2.We
present the isotherms as a function of water content (mass of
water per mass of dry sample) to be consistent with previous
water sorption results
39,40 and to provide the possibility for easy
comparison with the enthalpy data (Figure 2b). In the Support-
ing Information, the graphs are presented as a function of water
activity for readers used to the typical representations of gas
sorption isotherms. The water sorption isotherm of SBA-15-1 is
divided into four distinct regimes, in agreement with earlier
published results:
40
regime 1 - surface adsorption;
regime 2 - ﬁlling of intrawall pores;
regime 3 - capillarycondensationintheprimarymesopores;and
regime 4 - postcapillary condensation uptake of water.
These regimes are identiﬁed in the water sorption isotherms
forSBA-15-1(Figure2),wherethestartingandendingpointsfor
every regime are recognized by a change in the slope of the
isotherm. This also demonstrates the strength of using water
sorption calorimetry to probe the porosity of SBA-15 because it
directly indicates the presence of the intrawall pores that are a
typical attribute of SBA-15.
40 The enthalpy curve shown in
Figure 2b can be divided into these four regimes as well. A more
detailed analysis of the data will be discussed separately for
samples SBA-15-1 to SBA-15-4 further below.
Figure 3 shows the water sorption isotherms for SBA-15-1 to
SBA-15-4,andthederivedparametersaresummarizedinTable2.
The water sorption isotherms are clearly distinct for each
material, demonstrating that water sorption calorimetry is an
eﬀective technique for monitoring changes imposed on the
material during a functionalization process. Below are detailed
descriptionsoftheresults,isotherms,andenthalpydataobtained
for each of the respective materials.
SBA-15-1. Regime 1 (up to 0.037 g of water/g of silica, see
Table2)ischaracterized bytheadsorption ofwater moleculesto
the silica surface. At low water content, the dominant process is
water physisorbing to the hydroxyl groups on the silica surface.
Subsequently,thefillingofintrawall pores (large micropores and
mesopores) with water sets in at a water content of 0.037 g/g of
silica. This is the main process in regime 2. The capillary
condensation in the mesopores (regime 3) starts at a water
contentofabout0.270gofwater/gofsilica,whichiscomparable
toearlier publishedvalues.
40The water activitycurve levelsoffat
the onset of capillary condensation in mesopores, reflecting the
narrow pore size distribution of the mesopores. Finally, after
capillary condensation in mesopores, a further uptake of water
by the sample is observed at high pressures (water content of
0.665 g/g of silica).
The enthalpy eﬀect of water sorption in SBA-15-1 is relatively
small at low water content but negative (Figure 4). The negative
value reﬂects the exothermic eﬀect expected as water adsorbs to
highly polar silanol groups on the surfaces of the silica pores.
Initially,thevaluedecreaseswithincreasingwatercontentbefore
it reached a local maximum at around 0.035 g of water/g of silica
just prior to the ﬁlling of the intrawall pores. Thereafter, it levels
oﬀ and reaches a constant value in the regime of capillary
condensation in the primary mesopores (hw > 0.27, regime 3).
SBA-15-2. The first regime in the water sorption isotherm of
SBA-15-2(Figure3)isprolongedcomparedtothatofSBA-15-1,
up to a water content of 0.076 g/g of silica. This observation will
be discussed further below. Also, the starting point of the capillary
condensation in the mesopores (regime 3) is shifted to a slightly
higher water content, namely 0.289 g of water/g of silica. The
rather unexpected observation that capillary condensation takes
place at the same water activity as for SBA-15-1 leads us to the
Table 1. Structural Data for SBA-15-1 to SBA-15-4 from N2
Sorption and SAXD
material SBET (m
2 g
 1)
a Vp (cm
3 g
 1)
b BET C
c dp (nm)
d a0 (nm)
e
SBA- 15-1 843 0.95 119 5.0 10.6
SBA- 15-2 766 0.88 160 5.0 10.6
SBA- 15-3 600 0.76 103 4.9 10.6
SBA- 15-4 411 0.56 (0.73) 90 4.9 10.6
aSBET, the BET speciﬁc surface area, is deduced from the isotherm
analysis in the relative pressure range from 0.05 to 0.2.
bVp is the total
porevolume.
cBETCvalueswereobtainedintherelativepressurerange
from0.05to0.2.
ddpistakenfromtheBJHdesorptionporesizeanalysis.
eUnit cell parameter a0 is calculated from the X-ray diﬀraction data.
Figure 2. (a) Water sorption isotherm of calcined SBA-15-1 and the
corresponding (b) enthalpy curve obtained from the water sorption
isotherm showing the four regimes of water adsorption: (1) surface
adsorption, (2) ﬁlling of intrawall pores, (3) capillary condensation in
the primary mesopores, and (4) postcapillary condensation uptake
of water.13842 dx.doi.org/10.1021/la203093u |Langmuir 2011, 27, 13838–13846
Langmuir ARTICLE
conclusion that an increase in the number of silanol groups has
mainlyoccurredintheintrawallpores.TheSBA-15materialused
here has a comparatively high intrawall porosity.
27 A possible
explanation of the above-mentioned phenomenon is based on
the wetting abilities of the calcined SBA-15 material. Earlier
publishedresults
39,40showthatuponimmersingsilicaintoliquid
water the formation of air pockets can be observed. In our case,
whenimpregnatingtheporesofSBA-15-1withanacidicaqueous
solution, which does not necessarily occur under equilibrium
conditions, air pockets may be formed in the main mesopores,
henceafractionofthesurfacewillnotbehydroxylated.However,
the vapor pressure of the acidic solution is sufficiently high that
capillarycondensationcanoccurinthesmallerporesevenifthey
are not initially filled with aqueous solution, thus facilitating the
hydroxylation of the surface in the intrawall pores. The enthalpy
curve for SBA-15-2 (Figure 4) has dramatically changed as
comparedtothatofSBA-15-1.Theenthalpyatlowwatercontent
is much more negative than in SBA-15-1, with  11 kJ mol
 1
compared to  2.5 kJ mol
 1. To understand this phenomenon,
one has to recall that approximately 84% of the silica surface is
hydrophobicforcalcinedsilica
39(SBA-15-1)withalargeportion
of siloxane bonds. The adsorption of water molecules on such a
surface leads to the disruption of hydrogen bonds (compared to
thoseinthebulk),butatthesametimeanewsimilartypeofbond
is formed with surface hydroxyl groups by the adsorption. The
total heat effect will be weakly exothermic for surfaces with a low
coverage of hydroxyl groups (and a high portion of siloxane
bonds). Hence, the increase in the number of silanol groups on
the surface, as a consequence of the acid treatment (i.e., SBA-15-2),
renders the SBA-15 surface more hydrophilic. This facilitates the
adsorption of water molecules and therefore results in a larger
exothermiceffectthanthatobservedforSBA-15-1.Furthermore,
this also explains the shift at the end of the first regime to higher
water content for SBA-15-2 compared to that for SBA-15-1 as
mentioned previously. The adsorbed water molecules can be
more closely packed onto the more hydrophilic surface. The
material is therefore able to adsorb more water before entering
the second regime of filling the intrawall pores. This conse-
quently contributes to the shift to higher water content for the
onset of capillary condensation in the main mesopores.
SBA-15-3. The sorption isotherm for SBA-15-3 (the material
withagraftedanchor)isalsopartitionedintofourdistinguishable
regimes, but the regimes are clearly shifted in terms of water
contentcomparedtothatforSBA-15-1andSBA-15-2(Figure3).
In particular, the second regime (filling of the intrawall pores) is
shifted (starts at a lower water content of 0.076 g of water/g of
silica) anddecreased inthe totalwatercontenttaken up(0.141 g
of water/g of silica). This amount corresponds to 60% of the
Table 2. Regimes of Water Sorption for SBA-15-1 to SBA-15-4
a
regime 1 regime 2 regime 3 regime 4
conc range, hw g/g
(Vi,c m
3/g (SiO2))
conc range, hw g/g
(Vi,c m
3/g (SiO2))
conc range, hw g/g
(Vi,c m
3/g (SiO2))
conc range, hw g/g
(Vi,c m
3/g (SiO2))
SBA- 15-1 0.000  0.037(0.037) 0.037  0.270 (0.233) 0.270  0.665 (0.395) 0.665 ( )
SBA- 15-2 0.000  0.076 (0.076) 0.076  0.289 (0.213) 0.289  0.683 (0.394) 0.683 ( )
SBA- 15-3 0.000  0.058 (0.058) 0.058  0.199 (0.141) 0.199  0.565 (0.366) 0.565 ( )
SBA- 15-4 0.000  0.130 (0.130) ( ) 0.130  0.432 (0.302) 0.432 ( )
main processes adsorption in micropores
and mesopores
ﬁlling of intrawall pores,
adsorption in mesopores
capillary condensation in
mesopores
further uptake of water
aFor simplicity, the density of liquid water was assumed to be 1.0 cm
3/g.
Figure 3. Water sorption isotherms of calcined SBA-15-1 (red), acid-
treated SBA-15-2 (blue), SBA-15-3 with a grafted anchor (green), and
SBA-15-4 with grafted PNIPAAM (black).
Figure 4. Enthalpy curves obtained from water sorption isotherms of
calcinedSBA-15-1(red),acid-treatedSBA-15-2(blue),SBA-15-3witha
grafted anchor (green), and SBA-15-4 with grafted PNIPAAM (black).
Please note that for presentation reasons at higher water contents a
larger ﬁlter factor was used.13843 dx.doi.org/10.1021/la203093u |Langmuir 2011, 27, 13838–13846
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observed uptake for SBA-15-1 (0.233 g water/g of silica) in the
same regime, demonstrating the lower water uptake ability. This
change is accompanied by an earlier onset of capillary condensa-
tion inside the mesopores (regime 3) at a water content of 0.199 g
of water/g of silica, reflecting the filling of the mesopores at a
lower water content as a result of the reduction of the intrawall
pore volumeduetothepresenceoftheattachedanchormolecules.
The capillary condensation regime (regime 3) ends at a water
content of 0.565 g of water/g of silica.
The enthalpy curve for SBA-15-3 (Figure 4) is very similar at
low water content to the enthalpy curve obtained for SBA-15-2.
First it goes through a minimum at around 0.2 g of water/g of
silica and then increases constantly until it ﬁnally levels oﬀ at the
pointwherethecapillarycondensationintheprimarymesopores
starts. The minimum value of the enthalpy with  11 kJ mol
 1 is
reasonable and is comparable to SBA-15-2, which reﬂects the
heat released as water molecules attach to silanol groups. It
should be noted that this argument holds even if the anchor is
covalentlylinkedtothesurfacesilanolgroups,therebydecreasing
the number of these groups, where the oxygen of the surface
silanol groups that links to the anchor molecules still has a free
electronpairthatisabletoformbondswithwatermolecules.The
anchor is a relatively small molecule and will not signiﬁcantly
shield the connecting oxygen atoms from the adsorbing water
molecules.
SBA-15-4. Finally, in the case of SBA-15-4, the material with
graftedPNIPAAM,themoststrikingdifferenceisthattheregime
of filling the intrawall pores has nearly vanished (regime 2). The
isotherm (Figure 3) exhibits only three pronounced regimes:
adsorptionofwatermoleculesatthesurface(regime1),capillary
condensation (regime3), and postcapillary condensation uptake
of water (regime 4). This behavior is similar to water sorption
calorimetric measurements of MCM-41, which is characterized
by only three regimes because the material does not have
intrawall pores.
26 The onset of the capillary condensation in
the mesopores for SBA-15-4 is shifted even further to a smaller
amountofwater (0.130gofwater/gofsilica)andadditionallyto
higher water activity. The increase in activity reflects increased
hydrophobicity as a consequence of the presence of PNIPAAM.
The second regime, associated with the filling of the intrawall
pores, has, as just mentioned, disappeared. The intrawall pores
are thus not detected after the incorporation of the polymer, and
hencethisporevolumeisnolongeraccessible.Thisindicatesthe
preferential location of the PNIPAAM polymer in the intrawall
pores or at the entrance of the pores, sealing them off. This
findingisinaccordancewithpreviousN2-andAr-sorptionresults.
41
The enthalpy curve (Figure 4) for SBA-15-4 exhibitsa minimum
at low water content,  8k Jm o l
 1, and therefore the value is
smaller than for SBA-15-2 and SBA-15-3. This agrees with the
argumentoffeweraccessiblesilanolgroups.(Thegroupslocatedin
the intrawallpores are no longeraccessible to the water molecules.)
Subsequently, the exothermic effect decreases until it reaches a
constant level when the capillary condensation in the main
mesopores begins.Thisconstantlevelhasaslightlyhigherabsolute
valuethanfortheotherthreesamples(SBA-15-1,SBA-15-2,and
SBA-15-3).Generally,whentheregimeofcapillarycondensation
in the main mesopores is reached, the main enthalpy contribu-
tion arises from water water interactions, independently of the
molecules on the surface of the pores. For SBA-15-4, however,
this situation is more complicated. During the water sorption
measurements, PNIPAAM is getting hydrated as it simulta-
neously changes its conformation from being collapsed toward
an elongated state in which it most likely stretches toward the
centerofthepores.Thebackboneofthepolymerchainisbuiltup
by polyethylene, which is rather hydrophobic. Consequently, a
second contribution to the overall heat effect emerges, namely,
the interaction between water molecules and polymer chains.
This is noticed in the slightly less negative value of the enthalpy
for the PNIPAAM-containing sample as compared to that of the
others.
N2 Sorption. Figure 5 shows the nitrogen sorption isotherms
for SBA-15-1 to SBA-15-4 displaying distinct type IV isotherms
exhibiting marked H2 adsorption desorption hysteresis
(IUPAC classification
50) typical of this class of material. Table 1
gives an overview of the structural data deduced from nitrogen
sorption data. The BET surface area for SBA-15-1 is 843 m
2 g
 1,
and this area is decreased after each modification step to 766 m
2
g
 1 for SBA-15-2, 600 m
2 g
 1 for SBA-15-3, and 411 m
2 g
 1 for
SBA-15-4. Similar results were observed in another recent
study.
41 The total pore volume (obtained from the BJH pore
size distribution for the desorption branch, see Table 1) follows
thesametrend.SBA-15-1exhibitsaporevolumeof0.95cm
3g
 1,
and this value decreases after each step of the modification
procedure. SBA-15-4 has a total pore volume of 0.56 cm
3 g
 1
corresponding to approximately 59% of the original total pore
volume of SBA-15-1. This value is in good agreement with the
results from the water sorption measurements, which show that
thepore volumeofSBA-15-4correspondstoapproximately65%
of the original volume of SBA-15-1. The values for the pore
volumearetakenattheendofthecapillarycondensationregime,
explaining the lower total pore volume compared to the results
obtainedbynitrogensorptionmeasurements.Furthermore,several
publications, including simulations,have shown the formation of
small cavities, which are not filled with water because of hydro-
phobic patches of the material. This results in smaller total pore
volumes because of the more hydrophobic surfaces.
39,40,51
The grafting of PNIPAAM to SBA-15 slightly increases the
width of the adsorption desorption hysteresis and makes the
steplesssteep (Figure 5).Thisisanindication ofthepresenceof
more corrugated cylindrical pores.
Table 1 shows the BET C values for SBA-15-1 to SBA-15-4.
TheBETCvaluesallowsomeconclusionstobedrawnaboutthe
strength of the adsorbate adsorbent interaction because higher
values usually correspond to a more hydrophilic surface. Never-
theless,thisnumbercannotbeseenasavalidabsolutequantiﬁca-
tion because it has been shown that the microporosity also has a
substantialimpactontheBETCvalue.
52,53However,thechange
Figure 5. Nitrogen sorption isotherms of calcined SBA-15-1 (red),
acid-treated SBA-15-2 (blue), SBA-15-3 with a grafted anchor (green),
and SBA-15-4 with grafted PNIPAAM (black).13844 dx.doi.org/10.1021/la203093u |Langmuir 2011, 27, 13838–13846
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in the BET C values with the progressing modiﬁcation step is in
agreement with the water sorption data and is consistent with
the changes in surface properties. The oxidative acid treatment
(hydroxylation)leadstoanincreaseintheBETCvaluefrom119
for SBA-15-1 to 160 for SBA-15-2, whereas the BET C values
decreases to 103 after the anchor grafting and reaches a value of
90 for SBA-15-4. These values are in agreement with earlier
publishedresults,
34eventhoughthevalueforSBA-15-1isslightly
lower compared to our previous detailed investigation using nitro-
genand argon sorption. Nevertheless, 119, obtained for SBA-15-
1, is a typical value for mesoporous silica.
34
PoreSizeDistributions.Thewatersorptionisothermsshown
in Figure 3 were used to calculate the pore size distributions for
all four materials, SBA-15-1 to SBA-15-4, by using the BJH
method according to an earlier published procedure and are
presented in Figure 6.
40,54 Pore size distributions from nitrogen
sorption measurements (Figure 7) were also determined and
compared to the pore size distributions obtained from the water
sorption isotherms.
Figure 6 shows the pore size distribution obtained from the
analysisofthewatersorptiondata.Allfourporesizedistributions
exhibit a peak at around 6 nm, and no clear decrease in the pore
size of the main mesopores is observed for SBA-15-3 and SBA-
15-4, in accordance with previous studies.
41 It has to be noted
that, especially for SBA-15-4, the contact angle of water used to
calculate the pore size distribution is diﬃcult to estimate exactly
for the given system. Therefore, we assumed a water contact
angle of 46, which is an average between a freshly calcined silica
surface of SBA-15 (34)
39,40 and a PNIPAAM-covered surface
(approximately 58 for hydrophilic fully extended PNIPAAM
chains
55).ForSBA-15-1andSBA-15-2,wechose awater contact
angleof28,whichcorrespondstoasilicasurface thatisnotfully
hydrated, with isotherms that show that the material is more
hydrophobic thanafully hydrated silica as,forexample,inearlier
publications by Kocherbitov et al.
39 We chose for the slightly
more hydrophobic SBA-15-3 a value of 34 as the water contact
angle, which was then consequently used for the approximation
of the water contact angle of SBA-15-4
39 The volume of pores
that are smaller than the main mesopores clearly decreased for
SBA-15-3, reﬂecting the grafting of the anchor in the intrawall
pores. A further reduction is observed for SBA-15-4, which is in
very good agreement with the fact that regime 2 (ﬁlling of
intrawall pores) in the water sorption isotherm is absent. When
comparing the pore size distribution calculated from the water
sorption isotherms and from the desorption branch of nitrogen
sorption, several diﬀerences are obvious. The maximum peaks
fromthenitrogendesorptionbrancharefoundatslightlysmaller
values, around 5 nm (Figure 7). The value was calculated on the
basisofaclassicalmodelfornitrogensorptiontoobtainporesize
distributions. Usually, these pore size calculations underestimate
the pore size by up to 25%.
56 Furthermore, it has been shown
before that the pore size distributions calculated from the water
sorptionisothermandtheporesizedistributionscalculatedusing
the NLDFT method (desorption branch) are in agreement.
Hence, the water sorption results reveal an accurate estimation
of the pore size.
Figure 6. BJH pore size distribution obtained from water sorption
isotherms of calcined SBA-15-1 (red), acid-treated SBA-15-2 (blue),
SBA-15-3 with a grafted anchor (green), and SBA-15-4 with grafted
PNIPAAM (black).
Figure 7. Nitrogen BJH pore size distribution obtained from the
desorption branch of calcined SBA-15-1 (red), acid-treated SBA-15-2
(blue), SBA-15-3 with a grafted anchor (green), and SBA-15-4 with
grafted PNIPAAM (black).
Figure 8. Nitrogen t plot from 0.35 to 0.5 nm for calcined SBA-15-1
(b), acid-treated SBA-15-2 ((), SBA-15-3 with a grafted anchor (+),
and SBA-15-4 with grafted PNIPAAM (*). At each step in the
modiﬁcation process, the intercept of the t plot is decreasing, reﬂecting
the decrease in microporosity/intrawall porosity.13845 dx.doi.org/10.1021/la203093u |Langmuir 2011, 27, 13838–13846
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Figure 8 shows the t plot obtained from the nitrogen sorption
measurements in the region from t = 0.35 to 0.5 nm. The
intercept of the ﬁtted t plot reﬂects the amount of microporosity
present in the material. The value of the intercept is much lower
for SBA-15-3 and SBA-15-4 than fortheothertwo materials. For
SBA-15-4, the line almost passes through the origin, reﬂecting
the fact that PNIPAAM is located in (or in the vicinity of) the
micropores.
57 The results from the t plot and the pore size
distribution calculated from the water sorption isotherms agree
very well, with both showing a decrease in microporosity/intra-
wall porosity. This demonstrates the accuracy of the pore size
distribution calculated from water sorption isotherms.
’CONCLUSION
We demonstrate that water sorption calorimetry contributes
to a more comprehensive and complete picture of the porosity
and surface properties of functionalized porous materials such as
SBA-15 with grafted PNIPAAM. The changes in porosity and
surface properties for the materials obtained along the functio-
nalization process were probed.
By performing water sorption measurements, the surface
properties of the pore walls in terms of hydrophobicity and
hydrophilicity were monitored after each step in the functiona-
lization process. The water sorption measurements were also
compared withnitrogen sorptionstudies, and SAXDwas usedto
monitor the structural properties.
FororiginalSBA-15silica,thewatersorptionisothermsclearly
show the presence of intrawall pores displayed as an additional
regime between the surface adsorption of water (regime 1) and
the capillary condensation in the main mesopores (regime 3). In
the case of SBA-15-2, it should be noticed that the increasing
number of silanol groups is mainly located in the intrawall pores
and the main mesopores remained mostly unchanged. Upon
introducing the anchor (SBA-15-3), capillary condensation in
the mesopores appeared at a slightly higher water activity,
reﬂecting increased hydrophobicity, as well as at a lower water
content compared to that of the original material. This clearly
demonstrates the decrease in pore volume of micropores/intra-
wall pores. The second regime, related to the intrawall porosity,
was less pronounced and is in accordance with results obtained
from the nitrogen sorption measurements. It also conﬁrms the
observation that the increase in the number of silanol groups has
mainlytakenplaceintheintrawallporesbecausetheyfunctionas
the grafting point for the anchor. The location of the anchor
determines the starting point of the polymerization of NIPAAM.
Finally, the resulting SBA-15-PNIPAAM (SBA-15-4) material
has the most hydrophobic character of all four materials, and the
secondregime,characteristicofthepresenceofintrawallpores,is
no longer present.
Water sorption provides chemical information about the pore
surface, which is not attainable by the classical gas sorption
typically used for the characterization of mesoporous materials.
Furthermore, the pore size distributions from the water sorption
data are in good agreement with the nitrogen sorption analysis.
Hence, we have demonstrated the ability of water sorption as an
advantageous tool in understanding the surface properties of
mesoporoussilicawhileprovidinginformationontheporosityof
thematerial.Watersorptioncalorimetrycouldthusbeutilizedto
provide crucial information to evaluate speciﬁc interactions
between drugs and functional groups attached to a mesoporous
host and hence to obtain valuable information regarding the
monitoring of drug release proﬁles.
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